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ABSTRACT 
 
 
Hydrogen fuel cells combine hydrogen and oxygen to create water and electricity. 
Polymer electrolyte membranes (PEM) make up barriers within the fuel cell allowing only 
protons to pass through, while keeping other components separate. Many PEM contain 
phosphoric acid (PA) as a building block due to its excellent proton conducting properties. 
Improved ionic conductivity in PEM can lead to the development of better, more efficient fuel 
cells.   
While ionic conductivity in PA at high temperatures is extensively characterized, the low 
temperature dynamics are not so well explored. Below the glass transition, molecular motion is 
frozen and proton motion is forced to occur via local, intermolecular hopping. The Grotthuss 
mechanism of proton transport describes a relay-type proton motion, in which the jump of a 
proton to a neighboring molecule is followed by a succeeding proton jump of a different proton. 
Proton hopping is faster than molecular diffusion of a charged molecule, i.e. the Grotthuss 
mechanism allows for extraordinarily high proton conduction.  
Isotopic substitution of hydrogen with deuterium alters the mass of the moving particle, 
while keeping electric charge unaffected. The isotope effect is defined as the ratio of reaction 
rates of different isotopes. Classically, the isotope effect on proton motion should be proportional 
to the ratio of the square root of mass. Experiments have shown that the isotope effect does not 
confine to the classical picture, but in reality is much larger. Isotopic exchange also affects glass 
transition. The temperature at which glass transition occurs is generally higher in materials 
containing the heavier isotope.  
 v 
In the present work, effects of isotopic substitution on electrical and material 
characteristics of PA are investigated using broadband dielectric spectroscopy (BDS), 
differential scanning calorimetry (DSC) and Brillouin light scattering (BLS). Ionic conductivity 
was found to decrease in PA with the heavier isotope. Glass transition temperatures increased in 
the deuterated samples. In addition a strong change in ionic conductivity and glass transition 
temperature were observed between samples of different concentrations of acidity. Isotope 
effects do not follow the classical predictions, but exhibit much stronger changes.  
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CHAPTER 1:    
INTRODUCTION 
 
A large part of the current trend towards a “green” future lies not only in the development 
of new ways of harvesting sustainable energy, but also in efficient and environmentally friendly 
ways of storing this energy where it is needed. In today’s automotive industry the prominent 
method of avoiding the uses of fossil fuels and its environmentally hazardous and wasteful 
conversion into kinetic energy, is the use of electric motors as a replacement of the internal 
combustion motor. Advantages of electric motors to those powered by petroleum include a more 
favorable power and torque curve, as well as greater efficiency. Vehicles propelled by electric 
power based on current technology are limited by volume, weight and cost of elaborate energy 
storage systems. In the case of hydrogen-powered vehicles, oxygen and hydrogen are brought 
together within a fuel cell, releasing energy, which then powers the electric motor propelling the 
vehicle. Within these cells so called Polymer Electrolyte Membranes (PEM) separate different 
chambers of the fuel cell, allowing only hydrogen ion transfer. In practical applications the 
membranes need to exhibit high proton conductivity (on the order of milli-Siemens per 
centimeter) and withstand great amounts of physical and thermal stress.  
The details of proton conduction mechanisms are a well-studied, yet controversial topic 
within the community. Phosphoric acid is known to be one of the best and most versatile proton 
conducting materials, making it a prime system for the study of proton transport mechanisms for 
energy applications. One way of studying the transfer of ion conducting substances is varying the 
mass of the conducting isotope. This variance influences both dynamic and electrical properties 
by changing conductive as well as glass transition behaviors. The goal of this report is to 
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understand the details of the conductivity mechanism by employing isotopic substitution. This 
thesis is presented in the following structure.  
Chapter two reviews the current state of knowledge of how substitution of isotopes 
influences proton conduction and glass transition behavior, as well as the underlying theories 
related to each phenomenon. Phosphoric acid is a well-studied glass forming model-system for 
proton conduction and will be the main basis of this study. 
Chapter three describes procedure of sample preparation and measurement used. The 
theory as well as the experimental techniques of broadband dielectric spectroscopy, differential 
scanning calorimetry and Brillouin light scattering are described. 
Chapter four provides a detailed investigation of glass transition and proton conduction in 
deuterated phosphoric acid. These data are then compared to that of regular hydrogenated 
phosphoric acids, and the differences in conductivity, conductivity relaxation time and activation 
energy are presented.  
Chapter five concludes this work by demonstrating that isotopic substitution in 
phosphoric acid causes an increase in the glass transition temperature, as demonstrated by all 
measurement techniques. The rate of proton conduction is lowered due to the increase of mass of 
the conducting ion, and the behavior cannot be explained by simple classic behavior.  
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CHAPTER 2:    
LITERATURE OVERVIEW 
 
The Glass Transition 
Liquids that have the ability to be cooled from a liquid to a solid state without 
crystallizing are called vitreous liquids. The temperature at which a transition from liquid to solid 
state occurs without crystallization is referred to as the glass transition temperature, 𝑇!. Above 
this temperature molecules rotate and diffuse. Below 𝑇!, diffusion of individual molecules is 
frozen. The sample is trapped in a glassy, solid state. Glasses differ from crystalline solids due to 
the lack of long-range molecular order. The change of molecular dynamics upon vitrification 
affects the material properties. The temperature dependence of viscosity, conductivity and elastic 
constants exhibit a measurable change when the material is cooled below 𝑇!  [1-3]. 
The behavior of proton conductivity across a wide temperature range, including the glass 
transition, is of great importance to the development of proton conducting membranes for 
hydrogen fuel cells and other industrial applications. The impact of molecular dynamics on 
proton transport is discussed in the following section.  
 
Mechanism of Proton Diffusion  
In order to develop better proton conductors, it is crucial to first understand the 
mechanisms of proton motion. When the sample is in a liquid state, a particular proton can travel 
alongside the molecule to which it is bound. The molecule acts as a vehicle to transport the 
proton, and both the molecule and the proton diffuse through the system together. This method 
of proton transport is referred to as vehicle mechanism [4-6]. Water is used as an example to 
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demonstrate the main methods of proton diffusion due to its high proton conductivity as well as 
its simple molecular structure. Figure 2.1 depicts a scenario of proton transfer in water where an 
excess proton is bound to a specific water molecule, forming a hydronium, or 𝐻!𝑂! molecule [7, 
8]. In Figure 2.1, the hydronium molecule is depicted in orange, while surrounding water 
molecules are represented by blue circles. The excess proton uses the water molecule as a vehicle 
to move through the system. In pure vehicle diffusion the excess proton can only move as fast as 
the hydronium molecule, making molecular diffusion of the hydronium ion through water rate 
determining.  
    
Figure 2.1 Transport of hydronium cation (orange) in water (blue) via structural diffusion. In 
this representation oxygen (red) and hydrogen (white) remain in the initial bond structure within 
the molecule. 
 
Proton motion via the vehicle mechanism is strongly influenced by environmental factors 
such as temperature, density and pressure of the system. Viscosity increases with decreasing 
temperature, making it more difficult for protons to move. Diffusion is reduced at low 
temperatures until molecules become stationary. This occurs in glass forming systems below the 
 5 
glass transition temperature.  The mechanism of proton conductivity changes when molecular 
motion is restrained, and protons are limited to local hopping motion.  
Another mechanism of proton diffusion is the Grotthuss mechanism [9-12]. This theory 
describes proton conduction via a proton hopping along a hydrogen-bonding network. Hydrogen 
bond cleavage and formation permits local proton jumping between neighboring molecules. This 
process does not require assistance of molecular diffusion, and can therefore occur at a much 
faster rate. It is commonly accepted that the Grotthuss mechanism is responsible for the 
abnormally high proton mobility in water [12]. An example of the Grotthuss mechanism of 
proton motion in water is depicted in Figure 2.2. The figure shows an excess proton, which is 
initially bound to a water molecule in location A. In order to jump, the proton has to first cleave 
its bond with the hydronium cation in order to form a new bond with the neighboring water 
molecule at location B. Proton motion continues when a different proton travels from location B 
to C in a similar fashion. This process does not require a specific proton to move throughout a 
system but rather assumes that once a proton has bonded to it’s destine molecule, another proton 
continues the journey in the original proton’s place. The proton that arrives at C is a different one 
than initially departed from location A. Hence proton transfer via Grotthuss mechanism is much 
faster than molecular diffusion and can therefore explain the abnormally high proton conduction 
in water [13]. 
Whether a proton moves via the vehicle or the Grotthuss mechanism depends on 
temperature and viscosity of the material. The distinction between methods of proton motion is 
important when considering the effects of conductivity relaxation and the isotope effects 
described in the following sections.  
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Figure 2.2 Grotthuss Mechanism of proton motion in which a proton (white) breaks a hydrogen 
bond with the oxygen (red) and hops to a neighboring water molecule (blue). When the excess 
proton is bound to a water molecule it forms a hydronium (orange). Then another proton from 
the hydronium moves from location B to C.  
 
 
Conductivity Relaxation 
Structural relaxation is a thermally activated process below 𝑇!, which follows the 
Arrhenius equation [14]. This process occurs in the glassy regime, when the proton has to 
overcome a potential energy barrier in order to complete bond breaking and formation with the 
next molecule. A system, which is disturbed from equilibrium by an external force, seeks to 
return to the initial state. This is referred to as relaxation process. When the polarization of a 
dielectric material is disturbed by an external electric field, the corresponding equilibrium 
seeking process is referred to as conductivity relaxation. Equation eq. 2.1 displays the 
dependencies of the different factors influencing conductivity relaxation. In the Arrhenius 
equation, conductivity relaxation time, 𝜏!, is expressed by the energy barrier that controls the 
proton to jump and is called the activation energy 𝐸!.  
 
 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
A B 
C 
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   𝜏! = 𝜏!𝑒 !!!!!!  eq. 2.1 𝜏! is a pre-factor that resembles the characteristic attempt time of a single ion jump. 𝑘! 
represents the Boltzmann constant and T is the absolute temperature. 𝐸!  can be extracted from 
the Arrhenius fit when the logarithm of 𝜏! is plotted versus inverse temperature, also called an 
Arrhenius plot. Below 𝑇! Log10(𝜏!) displays a linear dependence on inverse temperature, 
justifying the applicability of the Arrhenius Law.  
Above 𝑇!, when the sample is in a liquid state, structural and conductivity relaxation 
exhibit super-Arrhenius behavior, meaning that dynamics show stronger temperature dependence 
than predicted by the Arrhenius equation. This is due to the fact that proton motion is aided by 
molecular motions in the liquid state [7]. Crossover of Arrhenius to super-Arrhenius temperature 
dependences at the glass transition has been observed in many other glass forming ionic 
conductors [14]. The phenomenological Vogel-Fulcher-Tammann (VFT) equation can be used to 
describe the conductivity relaxation time in the liquid state [15]. 
   𝜏! = 𝜏!𝑒 !!!!!  eq. 2.2 𝜏! is again the characteristic attempt time, though it is not necessarily the same value as 𝜏! from 
the Arrhenius equation. 𝑇! is often described as an ideal glass transition temperature, and 𝐵 is a 
material specific parameter.  
The Cohen-Grest (CG) equation 2.3, below, is an alternative fitting function for 
relaxation processes in the glassy state [16]. It is similar to VFT, but introduces a variable C in 
the exponential. This parameter incorporates free volume and has been found to provide a more 
accurate fit [17].  
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    𝜏! = 𝜏!𝑒 !!!!!! (!!!!)!!!"  eq. 2.3 
Figure 2.3 is a sketch of conductivity relaxation time as a function of inverse temperature 
normalized to 𝑇!. The red line indicates the glass transition temperature. A clear transition from 
Arrhenius to super Arrhenius temperature dependence is displayed at the glass transition. This 
figure demonstrates that the temperature dependence of 𝜏! is getting steeper while the sample is 
cooled, and becomes linear while the sample is arrested in its glassy state.  
 
   
Figure 2.3 Graph showing the transition from super Arrhenius to Arrhenius behavior of 
conductivity relaxation time above and below the glass transition, respectively. The red line 
indicates the glass transition temperature.  
 
Isotopes Effect  
Now that we have discussed the dynamics as a function of temperature, it is interesting to 
determine how a change in mass of the ion affects proton conduction and glass transition. This is 
done using isotope exchange of the hydrogen atom. Isotopic substitution allows for a change in 
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mass of a chemical element, while retaining the electric charge. The additional mass can cause a 
variation in many material properties such as the glass transition temperature and ionic 
conductivity. The term isotope effect refers, in particular, to the ratio of transition rates of 
different isotopes. Hydrogen is the lightest element on the periodic table, consisting of only a 
proton and an electron. Deuterium is a heavier isotope consisting of an additional neutron bound 
to the proton in the nucleus. The mass of the electron is small in comparison to that of the proton 
and neutron, causing the additional neutron to increases the mass of the atom to nearly twofold. 
The third naturally occurring isotope of hydrogen, tritium, contains two additional neutrons over 
hydrogen. Although tritium has been studied in relation to proton conduction, the radioisotope is 
not a favorable material of study due to its unstable state [18]. The focus of this research lies in 
the comparison of the first two isotopes hydrogen and deuterium.  
Since the net charge of the molecule is unaffected by the addition of a neutron, the 
variations in material properties are exclusively caused by the change in mass. The importance of 
comparing the isotope effect in hydrogen and deuterium as opposed to isotopes of different 
molecules lies in the severity of the mass change. Due to the light nature of the hydrogen, 
isotopic substitution with the heavier isotope deuterium presents the greatest relative mass 
increase of any atom. This is significant because it maximizes the effect that H/D exchange has 
on the sample. Before we examine the experimental data, it is important to study the theoretical 
implications of isotope exchange, presented in the following section. 
 
Theories of the Isotope Effect on Proton Motion 
The potential energy landscape of a single one-dimensional proton jump can be modeled 
as a double-well harmonic potential as shown in Figure 2.4. The minima of the potential 
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represent locations of initial and final molecular bonding sights. An activation energy of 
magnitude greater than or equal to the height of the potential barrier is required to induce a 
proton jump. The attempt frequency for a proton jump, 𝜈!, is described by the harmonic 
oscillator equation.  
   𝜈! = 12𝜋 𝑘𝑚 eq.  2.4  
In this equation 𝑚 is the mass of the particle in the well. The force constant 𝑘 depends on the 
potential energy landscape, which is identical for the two isotopes [18-22]. The isotope effect on 
the conductivity relaxation time, 𝜏!, should then be proportional to 2 through the relation 𝜏 = 2𝜋𝜈 !!. 
   𝜏!𝜏! = 𝑚!𝑚! = 2 eq.  2.5  
However, experiments done by various researchers [21] show that the isotope effect in proton 
conduction is much stronger than 2. Since the purely classical theory disagrees with 
experimental data, the influences of quantum effects can be considered in order to improve the 
accuracy of the theory.  The semi-classical theory incorporates the quantum mechanical concept 
of zero point vibrations into classical theory. According to a quantum mechanical view, a 
particle’s lowest possible energy is the ground state energy 𝐸! described by Equation 2.6.    𝐸! = 12ℏ𝜈 eq.  2.6  
In this equation ℏ is Planck’s constant divided by 2𝜋 and 𝜈 is the frequency of hydrogen or 
deuterium oscillations. Deuterium has higher mass than hydrogen and following the above 
equation has a slower vibrational frequency (𝜈! < 𝜈!). This indicates that hydrogen, which has 
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less mass than deuterium, has higher ground state energy than deuterium as depicted in Figure 
2.4 b.  
 
   
Figure 2.4 Double-well potential with classical a) and semi-classical b) descriptions. The ion 
has to overcome an energy barrier E in order to jump to the neighboring molecule. Semi-
classical theory includes ground state energy defined by zero point vibrations which reduce the 
required energy to ED and EH for deuterium (D) and hydrogen (H), respectively.  
 
The ground state energy assists the jumping particle by reducing the relative height of the 
energy barrier. Hydrogen has higher ground state energy compared to deuterium, therefore 
requiring less activation energy. The differences in 𝐸!between isotopes further increase the 
isotope effect in proton conduction following the semi-classical theory.  
Further expansions of the theory of proton conduction have been made in the attempt of 
predicting large isotope effect values. Another theory based on quantum mechanics considers 
tunneling effects as described by Nowick et al. [21]. Here the probability wave function has 
exponential dependence on the proton’s mass, causing even slight mass modifications to result in 
an extraordinarily large isotope effects. However there is insufficient conclusive evidence to 
E 
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support tunneling affects in proton conducting systems, and so this topic will not be discussed 
any further.  
 
Isotope Effect on Glass Transition  
Now that we have examined how the increased mass of the moving ion affects transport 
characteristics below the glass transition, we can look at the effects on the glass transition itself. 
The glass transition temperature is related to material properties such as density and viscosity. 
Isotopic substitution alters these material specific properties, therefore altering the glass 
transition temperature. In order to examine the isotope effect on the glass transition, it is 
favorable to study a material whose composition is greatly altered by deuteration. The 
comparison of water, 𝐻!𝑂, at 18 !!"# with deuterated water, 𝐷!𝑂, at 20 !!"# therefore provides 
significant change in molecular mass. Although oxygen is much heavier than hydrogen or 
deuterium, the deuteration of water still causes over 10% increase in mass of the molecule. 𝐷!𝑂 
is commonly referred to as heavy water. Determining the glass transition of water and heavy 
water presents a challenging task due to the formation of ice below 273K. Different methods 
such as hyper-quenching, confinement, and addition of impurities to the sample have been 
developed in order to suppress crystallization in water. 
Many researchers have measured the glass transition of super-cooled water [23-25]. It is 
generally accepted that the 𝑇! of water lays around 136K. The glass transition in deuterated 
water generally occurs around 140K, showing a change in the glass transition temperature, ∆𝑇!, 
at the glass transition of ~3-5K depending on the experiment and the phase of the super-cooled 
water. Recent dielectric relaxation spectroscopy measurements of low density and vapor 
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deposited amorphous water were performed in our group. Results showed that H/D substitution 
can alter the glass transition as much as 10± 2𝐾 [26]. Small inconsistencies in sample 
preparation and variances in measurement techniques greatly impact the results of 𝑇! 
measurements. Differences in phase states of water at low temperatures can also lead to 
inconsistent results. Disagreements about the glass transition of hyper-quenched water are 
therefore still ongoing. 
An alternative to hyper-quenching the sample in order to avoid crystallization is the 
addition of a solute, such as a salt or an acid. These additives lower the freezing point of the 
solution. A study done by Kano at al. [27] focuses on the glass transition temperature of LiCl and 
ZnCl2 solutions with both hydrogenated and deuterated water as studied via differential thermal 
analysis. 𝑇! of the solutions exhibits concentration as well as isotopic dependence. Glass 
transition temperatures decrease with dilution and converge to the value of pure components in 
the dilute region. The samples prepared with 𝐷!𝑂 exhibit higher glass transition temperatures 
than the ones prepared with 𝐻!𝑂. ∆𝑇! increases with dilution to above 4K for the LiCl samples 
and up to 1.7K for the  ZnCl2 sample within the measured range. The values for ∆𝑇! concur with 
those found in hyper-quenched sample. Other salts and acids can also be used in order to produce 
non-crystallizing water solutions [28, 29]. Phosphoric acid is a prime candidate for this research 
due to its superb glass transition properties as well as its proton conductivity.  
 
The Model System Phosphoric Acid 
Phosphoric acid is a weak acid and has the structure 𝐻!𝑃𝑂! in its neat form as presented 
in Figure 2.5. Phosphoric acid has broad applications such as membrane materials in PEMs of 
modern hydrogen fuel cells [30, 31]. Phosphoric acid has the ability to form compound structures 
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at high concentrations up to 𝑃!𝑂!, containing no water molecules at all. The advantage of 
phosphoric acid lies in dependence of its 𝑇! on concentration. By varying the concentration of 
the acid, the 𝑇! can be altered by almost 80K within an easily measurable window. Phosphoric 
acid is therefore ideal for measuring the concentration dependence of 𝑇!. 
 
                       
 
Figure 2.5 Neat Phosphoric Acid 𝐻!𝑃𝑂!. Symmetric structure and proton donor and acceptor 
sites allow for excellent proton conduction.  
 
Isotope Effect on the Glass Transition in Phosphoric Acid 
The glass transition of phosphoric acids has been studied using many different techniques 
including broad line nuclear magnetic resonance (NMR) [22, 32] differential scanning 
calorimetry (DSC) [33], and broadband dielectric spectroscopy (BDS) [34]. The concentrational 
dependence of the glass transition temperature in phosphoric acids shows expected temperature 
dependence by approaching 𝑇! of the pure components. Highly concentrated phosphoric acid of 
the form 𝑃!𝑂! (𝑇!>590K) [35] is phosphoric acid without any water molecules. Dilution of 
phosphoric acid with water causes 𝑇! to converge to that of pure water. Aihara et al. [22] uses an 
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exponential equation, eq. 2.7, to fit the data of the hydrated phosphoric acid samples to 
extrapolate the Glass transition temperature of pure water.     𝑇! = 𝑇!! + 𝛼𝑒 !"  eq.  2.7  
Here 𝑇!! is the glass transition temperature of pure water, c is the concentration of phosphoric 
acid and 𝛼 and 𝛽 are fitting parameters. In his paper Aihara et al. estimates 𝑇! of pure water to be 
around 159.7K, which is much higher than commonly accepted. Research done by Corti et al. 
[33] dismisses Aihara’s analysis due to lack of physical meaning of the phenomenological fitting 
equation. Instead Corti et al. propose the use of the Gordon Tailor equation (GT) [36] to fit the 
concentration dependence of 𝑇!. 
   𝑇! = 𝑤!𝑇!! + 𝑤!𝑘!"𝑇!!𝑤! + 𝑤!𝑘!"  eq.  2.8  
The Gordon Tailor equation, eq. 2.8, which is based on free volume theory of liquids[37], uses 
the parameter 𝑘!", to define the ratio of the products of 𝑇!, and the density at 𝑇! of the individual 
ingredient.  𝑤!, 𝑤! and 𝑇!!, 𝑇!! represent weight fraction and glass transition temperature of 𝐻!𝑂 
and 𝑃!𝑂! respectively. In his paper Corti et al. is able to fit DSC data using the Gordon Taylor 
equation, in the concentration range from w2=0.839 to 0.361, which corresponds to the molar 
ratio R=1.51 to 13.94 of 𝑃!𝑂! to 𝐻!𝑂. Weight percentages are used instead of molar 
concentration in order to simplify the extrapolation to pure water (𝑤!). Though helpful in 
extrapolation of 𝑇!, a representation with respect to weight percentage does not allow direct 
comparison between isotopes due to their mass difference. Corti et al. found the GT to provide a 
good fit for glass transition data in Phosphoric acid. In the concentrated region at R=1.51, the 𝑇!=233K, while in the dilute region at R=13.9, 𝑇! decreases by 80K to 153K. Neat phosphoric 
acid displays a 𝑇! at around 190K. 𝑇! data obtained from NMR by Aihara et al. [22] and DSC by 
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Corti et al. [33] follow the same trend when compared with acid concentration. Wang et al. [34] 
recently characterized hydrated phosphoric acid at various molar concentrations using BDS and 
rheological measurements in the low temperature regime. 𝑇! values are in agreement with those 
provided in the literature, revealing Tg of the sample R=1.5 to be around 230K and of the sample 
R=5 to be around 170K. BDS determines 𝑇! by measuring the characteristic relaxation time τ of 
structural relaxation, and is defined as the temperature at which  τ=100 s. Comparing DC 
conductivity and conductivity relaxation time of hydrogenated and deuterated phosphoric acids 
at different concentrations can provide information on how the isotope affect alters proton 
motion.  
 
Isotope effect on proton conduction in phosphoric acid 
It is well known that dielectric properties show a distinctive thermal dependence. High 
temperature conductive properties, as well as glass transition behavior of phosphoric acid are 
extensively studied. Low temperature conductivity measurements above and below the glass 
transition have however been neglected in the current literature. Wang at al.[34] found that both 
DC conductivity 𝜎! and conductivity relaxation time 𝜏! exhibit a distinctive Arrhenius to super-
Arrhenius crossover at the glass transition. The activation energy of ionic conductivity below 𝑇! 
derived from the fit of the Arrhenius equation is on the order of 50-60 !"!"#. Typical activation 
energies of proton conducting materials such as perovskite structured metal oxides [21] and 
protic ionic liquids [6, 20, 38, 39] range from 50-100 !"!"#. Lower activation energy means that it 
is easier for a proton to conduct in a material. Therefore it can be concluded that phosphoric acid 
is a relatively good proton conducting material.  
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In a classical view, conductivity should be proportional to the fluidity of the material, 
since the diffusion of ions is severely inhibited in a viscous media. Walden first brought this 
relationship into perspective [40]. The so-called Walden plot compares molar conductivity to 
viscosity on a log-log plot. Figure 2.6 shows the Walden plot for different concentrations of 
hydrogenated phosphoric acid [34]. In the high temperature region, viscosity is low and has little 
friction effect on ionic conduction. Hence, phosphoric acid falls on the reference line of slope 
m=1 in the high temperature regime, indicating linear relationship between mobility and 
viscosity.  At lower temperatures, however, high viscosity strongly limits molecular motion. 
 
      
 
Figure 2.6 Walden plot of different concentrations of phosphoric acid. Concentration is 
represented in the molar ratio, R, of P2O5 (phosphoric acid without any water) to H2O ranging 
from R=1.5 to R=5 [34]. 
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A decoupling of proton motion from structural relaxation causes a divergence of the molar 
conductivity from linear relation with viscosity into the super ionic region. The slope of the data 
in the high viscosity region lies between 0.69 and 0.87 for varying R ratios. Physically this 
means that ions conduct faster than allowed by a direct correlation of mobility and viscosity. It 
would be interesting to examine the effects of isotopic exchange on proton/ionic conductivity.  
 
Research Objectives 
Phosphoric acid is an extensively studied proton conductor with a wide range of potential 
applications. Excellent glass forming and proton conducting properties make it an ideal material 
for proton conducting membranes in hydrogen fuel cell applications. Phosphoric acid also 
provides a suitable medium to study mechanisms of proton conductivity at low temperatures, a 
subject that has not yet been extensively explored. The goal of this research is to study the 
influence of the isotope effect on the glass transition and ionic conductivity of phosphoric acid. 
We aim to determine how the isotope effect impacts the glass transition temperature in 
phosphoric acid at varying concentration. This can be achieved by measuring the difference in 
the glass transition temperature for H3PO4 in pure water and deuterated water. Isotopic exchange 
also alters ionic conductivity. By increasing the mass of the conducting ion by a factor of two, 
while keeping overall charge constant we can investigate the impact of mass on proton motion. 
In order to do so, we will compare DC conductivity and conductivity relaxation time of regular 
and deuterated phosphoric acid at different concentrations. Furthermore we hope that these 
studies will help to better understand the influence of quantum effects on proton motion.   
  
 19 
CHAPTER 3:    
MATERIALS AND METHODS 
 
Phosphoric Acid Nomenclature 
Neat Phosphoric acid, H3PO4 is also referred to as ortho-phosphoric acid. Phosphoric acid 
can form compounds of poly-phosphoric acid at different concentrations. These include the 
dimer H4P2O7 (pyro-phosphoric acid) and the trimmer H5P3O10 (tri-phosphoric acid). Pyro- and 
tri-phosphoric acids are the main building blocks of adenosine di-phosphate (ADP) and 
adenosine tri-phosphate (ATP) respectively, which are compounds responsible for energy 
transfer within biological systems. In its most concentrated form phosphoric acid forms 
phosphoric anhydride P4O10 also denoted as P2O5 (phosphorus pentoxide). The consideration of 
different compounds is important because physical properties of the acid are highly dependent on 
the structure of the acid. P2O5 is usually crystalline with an estimated 𝑇! of 590K [33]. The 𝑇! of 
neat phosphoric acid on the other hand is lowered to roughly 190K. Further dilution to 85% 
H3PO4 aqueous solution, which is liquid at room temperature, lowers the 𝑇! to ~177K [33]. The 
viscosity of phosphoric acid also severely decreases with dilution of aqueous phosphoric acid 
solutions. The concentration of phosphoric acid can be denoted in terms of weight 
 
 
Figure 3.1 Representation of orthophosphoric H3PO4, pyrophosphoric H4P2O7, triphosphoric 
H5P3O10 and tetraphosphoric acid H6P4O13 
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percentage (wt%) as well as molar ratio R, as shown in Table 3.1.Weight percentage is 
commonly denoted in terms of H3PO4 or P2O5. Representation in terms of weight percentage of 
H3PO4 can be misleading since acids, which are more concentrated than neat phosphoric acid, 
are represented in percentages that exceed 100%. Representation in the form of H3PO4+H2O can 
also be misleading in acids with higher concentration than neat phosphoric acid. In these cases 
water has to be removed from neat phosphoric acid, denoted in a negative number of H2O to 
denote the concentration. Expressing concentration in terms of weight percent of any standard is 
impractical in this case due to the mass differences of isotopes used in this study. Acid 
concentrations will be expressed in terms of molar ratio R of P2O5 to H2O or D2O.    𝑃!𝑂!   1:R   𝐻!𝑂         and       𝑃!𝑂!   1:R   𝐷!𝑂   eq.  3.1  
This representation emphasizes a direct comparison of the number of molecules of each isotope 
rather than mass. Phosphorus pentoxide is a poly-phosphoric acid containing no hydrogen or 
deuterium atoms prior to sample preparation, and is therefore used as a standard representation in 
this study. A conversion chart of methods of determining concentrations is provided in Table 3.1. 
 
Table 3.1 Conversion table of common methods of denoting concentrations of phosphoric acid.  
R 
P2O5 (1:R) H2O 
H3PO4 + H2O wt% P2O5 wt% H3PO4 
1.5 H3PO4 (-0.75) H2O 84 116 
2.0 H3PO4 (-0.5) H2O 79.8 110 
2.5 H3PO4 (-0.25) H2O 75.9 105 
3.0 H3PO4 72.4 100 
4.0 H3PO4 + (0.5) H2O 66.3 91.6 
5.0 H3PO4 + 1H2O 61.3 84.5 
7.0 H3PO4 + 2H2O 53.1 73.1 
9.0 H3PO4 + 3H2O 46.7 64.9 
14.0 H3PO4 + 11H2O 36.9 33.1 
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Sample Preparation 
The samples were prepared with phosphorus pentoxide (98.0% pure, purchased from 
Aldrich), filtered deionized water (purchased from Fischer Scientific) and deuterium oxide (99.9 
atom % D, purchased from Aldrich). Six samples with ratio R=1.5, 2.0, 2.5, 3.0, 4.0, 5.0 were 
prepared, each in deuterated and hydrogenated water.  
P2O5 is highly hydrophilic, and great caution has to be taken in order to avoid 
contamination of the sample by exposure to humidity in the atmosphere. Initially a certain 
amount of P2O5 was measured in a glove box filled with dry Argon gas. The samples were then 
exposed to H2O or D2O in a hydration chamber for 96 hours. Finally the weight was measured 
and appropriate amounts of H2O and D2O were added using a micropipette. The samples had to 
be prepared by slowly hydrating P2O5 in order to avoid an uncontrollable exothermic reaction. 
To ensure uniformity, the samples were stirred at 180℃ for 45 minutes immediately after 
completion of the measuring process.  
Broadband dielectric Spectroscopy (BDS), Differential Scanning Calorimetry (DSC) and 
Brillouin Light Scattering (BLS) were performed on these sets of samples. In order to insure 
accuracy of sample preparation, dielectric measurements of the samples with ratio R=1.5 and 
R=5 were compared to equivalent concentrations of purchased phosphoric acid solutions 116 
wt.% 𝐻!𝑃𝑂! (Sigma-Aldridge) and 85 wt. % 𝐻!𝑃𝑂! (Sigma-Aldridge), and 85 wt. % 𝐷!𝑃𝑂! 
(Sigma-Aldridge). The results of BDS measurements of prepared and purchased samples 
coincided, implying that the sample preparation via hydration of P2O5 was successful.  
In addition to the above-mentioned samples, more diluted samples with ratio R=7.0, 9.0, 
14.0 were prepared for both isotopes. These samples were prepared by adding calculated 
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amounts of 𝐻!𝑂 and 𝐷!𝑂 to 85 wt.% 𝐻!𝑃𝑂! and 𝐷!𝑃𝑂!, respectively. These more diluted 
samples were only measured using DSC.  
 
Measurement Techniques 
Proton conductivity is related to dielectric properties such as permittivity, conductivity 
and electric modulus. These properties can be measured using broadband dielectric spectroscopy. 
Temperature dependence of dielectric properties also provides information about the glass 
transition. To further investigate 𝑇!, differential scanning calorimetry and Brillouin light 
scattering is used to determine the temperature dependence of heat capacity and sound velocity 
within the sample. The following section provides a detailed discussion of the measurement 
techniques used in this study.  
 
Broadband Dielectric Spectroscopy  
Dielectrics are materials, which can be polarized by an electric field. This polarization is 
exhibited by rearranging of dipolar molecules, and electron clouds. Charges are attracted to the 
opposing polarity of the electric field, causing negative charge to be drawn towards the cathode 
and positive charge drawn towards the anode. Broadband dielectric spectroscopy (BDS) studies 
the frequency dependence of the dielectric relaxation processes over a broad frequency band of 
10-6 Hz to 107 Hz.  
BDS measures a samples impedance, 𝑍, in response to the applied electric field 𝐸(𝜔) 
with frequency 𝜔. Dielectric data provide information about complex conductivity, 𝜎∗, complex 
permittivity, 𝜀∗, complex dielectric modulus, 𝑀∗, and other dielectric properties of the sample. In 
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order to interpret these quantities, it is important to first understand their relation, and physical 
meaning. Further examination of the theory of dielectric spectroscopy is provided in the 
following section.  
When an external electric field is applied to a dielectric material it displaces internal 
electric charges, causing a polarization effect. The dielectric displacement of charges, 𝑫, occurs 
in forms of molecular reorientation of dipolar molecules, charge drift, or translational diffusion 
of mobile charge carriers such as electrons or ions. 𝑫 of a dielectric media is related to the 
external electric field, 𝑬, via the permittivity of free space, 𝜀!, and the permittivity of the 
material, 𝜀∗.    𝑫 = 𝜀∗𝜀!𝑬 eq.  3.2  
Permittivity is a measure of resistance of a material to an applied electric field. The dielectric 
permittivity, or complex dielectric function, is frequency dependent when a periodic alternating 
electric field of the form 𝑬(𝑡) = 𝐸!𝑒!!"# is applied. The frequency dependent complex 
permittivity,  𝜀∗(𝜔), is then defined in terms of its real,  𝜀! 𝜔 , and imaginary,  𝜀" 𝜔 , components 
as follows.    𝜀∗ 𝜔 = 𝜀! 𝜔 − 𝑖𝜀" 𝜔  eq.  3.3  𝜀! 𝜔  is proportional to the energy stored reversibly in the system, while 𝜀" 𝜔  is proportional to 
the energy which is dissipated by the system, per period of oscillation of the electric field. 
Polarization on a macroscopic level consists of the summation of microscopic dipoles per 
volume, and the induced polarization of the external field. The polarization, 𝑷, is defined using 
the difference in dielectric displacement in a dielectric and vacuum, and can also be expressed in 
terms of 𝑬 as follows.     𝑷 = 𝑫−𝑫! = 𝜀∗ − 1 𝜀!𝑬 = 𝜒∗𝜀!𝑬 eq.  3.4  
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𝑫! refers to the displacement caused by an electric field in the absence of the dielectric media. 𝜒∗ is the dielectric susceptibility, which indicates the degree of polarization of a material.  
When taking Ohm’s Law, eq. 3.5, into account, a relationship between current density, 𝒋, 
and the electric field can be established using complex conductivity, 𝜎∗ 𝜔 = 𝜎! 𝜔 + 𝑖𝜎" 𝜔 . 
Complex conductivity is frequency dependent and consists of real, 𝜎′, and imaginary, 𝜎", 
conductivity components.     𝒋 = 𝜎∗𝑬 eq.  3.5  
Faraday’s law, ∇×𝑬 = − !!"𝑩, states that the curl of the electric field is equivalent to the 
negative change in the magnetic field, 𝐁, with time. This law describes how a time variant 
magnetic field creates an electric field. Using Faraday’s law, the displacement field, eq. 3.2, and 
the Ohm’s law, eq. 3.5, a relationship between complex conductivity and complex permittivity 
can be established as follows. In this case we are not considering a magnetic field so ∇×𝑯 = 0. 
   𝟎 = 𝜎∗𝑬+ 𝜀!𝜀∗ 𝜕𝜕𝑡𝑬 eq.  3.6     𝜎∗𝑬 = −𝜀!𝜀∗(−𝑖𝜔)𝑬 eq.  3.7     𝜎∗ = 𝑖𝜔𝜀!𝜀∗ eq.  3.8  
Complex conductivity and complex permittivity are different electrical properties that can be 
related using 𝑖𝜔𝜀!.  
Dielectric data can also be represented in terms of the dielectric modulus. The complex 
dielectric modulus, 𝑀∗, corresponds to the decay of the electric field under constant dielectric 
displacement and is inversely related to complex permittivity.  
   𝑀∗ = 1𝜀∗ eq.  3.9  
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The complex dielectric modulus consists of real,  𝑀!, and imaginary,  𝑀", components as 𝑀∗ 𝜔 = 𝑀! 𝜔 + 𝑖𝑀" 𝜔 . These can be represented in terms of permittivity. 
   𝑀′(𝜔) = 𝜀! 𝜔𝜀!! 𝜔 + 𝜀"! 𝜔  eq.  3.10     𝑀"(𝜔) = 𝜀" 𝜔𝜀!! 𝜔 + 𝜀"! 𝜔  eq.  3.11  
The modulus representation can be advantageous when measuring ionic conductors due to the 
insensitivity to electrode polarization (EP). When a low frequency external electric field is 
applied to the sample, free charge carriers such as ions accumulate at the surface of the 
electrodes. This causes a resistive layer at the sample-electrode surface. Polarization due to ion 
diffusion is reversible when the external field is removed, causing an effect in real permittivity. M" is mainly influenced by ε", meaning that it is rather insensitive to electrode polarization. The 
imaginary component of the dielectric modulus is therefore helpful in analyzing ionic 
conductivity without the influence of electrode polarization. In order to measure the dielectric 
properties, BDS uses a cell geometry in which the sample is contained between two parallel 
electrodes. Electric characteristics of the cell resemble that of a parallel plate capacitor. The 
system can then be modeled as a resistor-capacitor (RC) series circuit as shown in Figure 3.2. An 
electric potential, V!, is applied by a voltage generator. This sinusoidal potential generates the 
electric field across the sample. The second potential V! is determined via the current I across the 
resistor R. Voltage, current and resistance are related using Ohms law V = IR in a direct current 
application. In alternating current applications the phase difference, ϕ, between the voltage V(t) = V!"#cos  (ωt), and the current, I(t) = I!"#cos  (ωt+ ϕ), has to be taken into account. 
The complex impedance, 𝑍∗(𝜔), of the sample can then be calculated using the electric potential 
 26 
across the capacitor and the resistor and the current flowing throughout the system 𝑉!∗(𝜔), 𝑉!∗(𝜔), and 𝐼∗(𝜔), respectively.  
   𝑍∗ 𝜔 = 𝑉!∗ 𝜔𝐼∗ 𝜔 = 𝑅 𝑉!∗(𝜔)𝑉!∗(𝜔)− 1  eq.  3.12  
Once the complex impedance of the sample is measured, complex permittivity can be derived 
using the impedance formula of a capacitor 𝑍∗ = !!"!∗, and the complex dielectric function of a 
capacitor 𝜀∗ 𝜔 = 𝜀! 𝜔 − 𝑖𝜀" 𝜔 = !∗(!)!! .  Here the complex capacitance of the sample and the 
capacitance of vacuum are symbolized by 𝐶∗and 𝐶!, respectively. The complex dielectric 
function in terms of complex impedance is then given by 
   𝜀∗ 𝜔 = 1𝑖𝜔𝑍∗ 𝜔 𝐶! eq.  3.13  
All other necessary quantities such as complex conductivity, complex modulus, and their 
respective real and imaginary contributions can then be derived using the complex permittivity 
as shown above. 
 
            
 
Figure 3.2 Schematic of Novocontrol alpha analyzer used to measure the impedance of the 
sample 𝑍!. The potentials 𝑈! and 𝑈! as well as a resistance 𝑅 are used to measure 𝑍! [41]. 
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Dielectric measurement  
In this research, measurements were conducted using a dielectric spectrometer 
(Novocontrol alpha analyzer) in a frequency range of 10-2 to 107 Hz. The dielectric sample cell 
consists of round electrodes in a parallel plate capacitor set up. Top and bottom electrodes were 
separated using a Teflon spacer, creating a cylindrical sample volume with a radius of 19mm and 
a thickness of 0.9mm. The cell design is specifically chosen to minimize electrode polarization 
by reducing the thickness of the polarization layer with respect to that of the total sample 
thickness. Gold plated electrodes were used to reduce interaction with the concentrated acids. 
Special precautions were taken since the highly ordered atomic structure of gold can cause 
surface induced crystallization of the sample. In order to erase thermal history of the sample, the 
loaded cell was held at 800C for 10 minutes prior to quenching to the initial temperature of the 
measurement. The sample temperature was equilibrated for 20 minutes after each temperature 
change.  
The drawback of BDS is the difficulty of determining the origin of a relaxation processes. 
Dielectric data alone does not clarify if a relaxation process corresponds to motion of an electric 
dipole, molecule, or part of molecule. Furthermore, non-dipolar molecules are not responsive to 
the external field and so don’t appear in the measurement. BDS can however be a powerful tool 
when used in conjunction with complimentary experiments such as light scattering spectroscopy. 
 
Differential Scanning Calorimetry  
Differential Scanning Calorimetry (DSC) is a measurement technique, which determines 
the amount of heat that is required to change the temperature of the sample. Thermodynamic 
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processes such as transitions of phase or state of a sample absorb or release thermal energy and 
can so be measured using DSC. The heat capacity of a sample, 𝐶!, is a measure of the amount of 
heat,  𝑞, required in order to change the temperature,  𝑇, by a certain amount.  
   𝐶! = 𝑑𝑞𝑑𝑇 = 𝑐ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  ℎ𝑒𝑎𝑡𝑐ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 eq.  3.14  
Transitions between solid, liquid, and gaseous phases are thermodynamic processes that require a 
transfer of energy. When a material is heated or cooled through a phase transition it either 
absorbs or releases thermal energy. Transition in which a sample absorbs heat such as melting or 
evaporating are referred to as endothermic. The reverse process releases heat from the sample 
and is referred to as exothermic. Exothermic processes include crystallization or oxidation. 
During a phase transition the amount of thermal energy required to alter a sample’s temperature 
changes due to the partial release or absorption of energy by the transition. This causes a 
measurable change in 𝐶! of the sample during a transition.  
   𝐻𝑒𝑎𝑡  𝑓𝑙𝑜𝑤 = 𝑑𝑞𝑑𝑡  eq.  3.15     𝐻𝑒𝑎𝑡𝑖𝑛𝑔  𝑟𝑎𝑡𝑒 = d𝑇𝑑𝑡  eq.  3.16  
Differential scanning calorimetry compares the amount of heat absorbed or released by a sample 
with that of an empty reference pan. 𝐶! is calculated from the difference in temperature response 
of the cell filled with a known amount of sample and that of the empty reference pan. Typically, 
DSC results are presented as heat flow as a function of temperature. Figure 3.3 shows a 
representation of the heat flow of different thermodynamic processes versus temperature. 
Crystallization and melting are indicated as exothermic and endothermic processes, respectively. 
The glass transition is not a true phase transition but rather a change in local degrees of 
freedom of the molecules. Molecular motion is frozen in the glassy state. Heating across 𝑇!, 
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appears as an endothermic step in heat flow. The midpoint of the glass transition can be found 
using derivative analysis. The temperature of the peak position of the derivative of heat flow 
with respect to temperature indicates the maximum change in heat flow. This maximum occurs 
at the midpoint of the Glass transition. The details of measurement are discussed in the following 
section.  
 
   
Figure 3.3 Heat flow into a material is depicted upon heating. Temperature range from glassy to 
molten state. Thermodynamic processes of a material, such as glass transition, crystallization 
and melting are depicted. 
 
DSC Measurement 
The measurement was conducted using a TA-Instruments Q1000 Differential scanning 
Calorimeter. The samples were contained in 50µl stainless steel cylindrical pans with an o-ring 
seal and a lid. The sample was loaded into the cell via micropipette and weight to determine the 
exact amount of sample. The cell was then hermetically sealed using a special T-Zero press. All 
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cell components were purchased from TA Instruments. During the measurement, the samples 
were held under filtered nitrogen atmosphere to avoid crystallization of moisture introduced 
through humidity in the atmosphere. In order to properly compare the glass transition to that of 
the dielectric data, the sample was equilibrated at 80℃ for five minutes prior to starting the 
temperature cycle. The samples were then cooled to a temperature in access of 30℃ below the 
glass transition, and kept isothermal for 5 minutes to ensure thermal equilibrium. The 
measurements were conducted on the heating cycle at a rate of 5℃/min. Structural changes as a 
function of temperature can also be investigated using light scattering measurements, as 
discussed in the following section.  
 
Brillouin Spectroscopy 
Brillouin light scattering (BLS) is a technique, which measures the frequency shift of 
light due to inelastic scattering. Such scattering is caused by propagation of sound waves through 
a media. The velocity of sound propagation is related to the rigidity of the material. Material 
properties such as rigidity are temperature dependent. Hence BLS measurements can provide 
information about the different structural properties of a sample at different temperatures. The 
details of BLS are described in the following section.  
Light, which impacts a particle much smaller than the wavelength of the light, can create 
an electric dipole moment. The radiation given off by this oscillating dipole is called scattered 
light. The scattered wave vector,  𝒒, is the difference of the incoming,  𝒌!, and scattered, 𝒌!, wave 
vectors. Figure 3.4 shows a graphic representation of eq. 3.17.    𝒒 = 𝒌! − 𝒌! eq.  3.17  
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Figure 3.4 The interaction of incoming wave vector, 𝒌!, and refracted wavevector,  𝒌!, result in 
the scattered wave vector 𝒒. The scattering angle is indicated by 𝜃 [42]. 
 
The energy of light is slightly altered during the scattering process, which can be 
observed due to slight changes in frequency of the light. This change of energy is negligibly 
small, and so conservation of energy 𝒌! = 𝒌! , can be assumed. The scattered wave vector can 
be expressed in terms of, the refractive index of the sample, 𝑛, the wavelength of light, 𝜆, and the 
angle of scattered light, 𝜃. The symbol     represents the magnitude of the vector.  
   𝒒 = 2𝜋 𝒌! 𝑠𝑖𝑛 𝜃2 = 4𝜋𝑛𝜆 𝑠𝑖𝑛 𝜃2  (eq.  3.18)  
Rotational and translational motion of the dipole can alter the frequency and intensity of the 
admitted light. Light can scatter elastically, quasi-elastically, and in-elastically. These three types 
of scattering are briefly discussed below. Figure 3.5 shows a sketch of light scattering intensity 
as a function of the frequency shift, ∆𝜔, based on the different types of scattering. The scattered 
wave can have an increase or decrease of frequency relative to the frequency of the incoming 
light. This creates a symmetric plot centered on the ∆𝜔 = 0. Elastic scattering, also called 
Rayleigh scattering, conserves energy, leaving the frequency of the scattered light unchanged 
from the incoming light. This unchanged frequency presents itself as the central peak at ∆𝜔 = 0 
in Figure 3.5 and provides information about the static structure of a sample.  
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Figure 3.5 Schematic of elastic, quasi-elastic, and inelastic light scattering as a function on 
change of frequency [42]. 
 
The second type of scattering is the Quasi-elastic scattering, or Rayleigh wing, which refers to 
the broadening of the central peak due to the change of frequency from elastic scattering. This 
scattering is caused by rotational and translational relaxation of molecules. These processes 
interfere with the oscillation of the electric dipole. Altering the dipole oscillation affects the 
radiated light and causes a broadening of the central peak. Hence, the amount of broadening 
provides information about molecular motion within the sample.  The third type of scattering is 
inelastic scattering. It is caused by the influence of vibrational modes consisting of localized and 
propagating motion of molecules. Localized motion is independent of q, while propagating 
motion exhibits q dependence. The latter can be induced by transverse and longitudinal waves, 
which can stem from optical and acoustic origin. Inelastic scattering presents itself with a 
distinctive intensity peaks. Inelastic scattering caused by transverse and longitudinal waves can 
be measured using Raman and Brillouin spectroscopes for the higher frequency optical modes 
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(THz region) and the lower frequency acoustic modes (GHz), respectively. Both techniques are 
used to study vibrational and rotational modes of a sample. Within this study, light scattering 
techniques are used to determine the temperature dependence of material properties of 
phosphoric acid samples. Therefore further discussion of light scattering will focus exclusively 
on BLS. Utilizing Brillouin light scattering, the sound velocity in a sample 𝑣 can be calculated 
from the peak frequency of the Brillouin shift 𝑓, as well as the wave vector of the scattered beam 𝒒. The wave vector can be expanded using the expression eq. 3.15. 
   𝑣! = 𝑓 2𝜋𝒒 = 𝜆𝑓2𝑛𝑠𝑖𝑛 𝜃2  eq.  3.19  
Material properties e.g. the longitudinal elastic modulus 𝑀 can be derived using density 𝜌, and 
the longitudinal sound velocity, 𝑣!, of the sample.     𝑀 = 𝜌𝑣!! eq.  3.20  
The elastic modulus is a measure of mechanical response of a sample as a result of applied force. 
The modulus is temperature dependent since rigidity of molecular structure usually increases 
upon cooling. Increase in elastic modulus causes an increase in sound velocity, which in turn 
causes an increase in frequency shift of the Brillouin peak. Figure 3.6 shows the raw light 
scattering data of the deuterated phosphoric acid sample with concentration R=5. A clear shift of 
the Brillouin peak is observed at temperatures ranging from 270K to 170K. ∆𝜔 increases with 
decreasing temperature. It has already been determined in chapter 2 that temperature dependence 
of material properties differs when a sample is cooled from a liquid into a glassy state. The 
change of temperature dependence of the Brillouin peak frequency is observed upon vitrification. 
From this the glass transition temperature of the sample can be determined using Brillouin light 
scattering.  
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Figure 3.6 Raw Brillouin scattering data of a deuterated phosphoric acid sample with 
concentration R=5. Temperatures 170K, 210K, and 230K are shown in black, green and red, 
respectively. 
 
Brillouin Measurement 
Scattered light was measured using a tandem Farby-Perot interferometer (Sandercock 
Model). The incoming green laser had a wavelength of 532nm. Samples were contained in 1ml 
cylindrical glass vials, which were extensively rinsed and dried prior to loading of the sample to 
avoid impurities. The deuterated and hydrogenated phosphoric acid samples with concentration 
R=5 were filtered into the sample vial using a 22𝜇𝑚 syringe filter. High viscosity of the samples 
with concentration of R=1.5 prohibited filtering and so were measured unfiltered. The following 
chapter will discuss the results obtained by measurement techniques described above.   
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CHAPTER 4:    
RESULTS AND DISCUSSION 
 
The glass transition and dielectric properties of deuterated phosphoric acid are discussed 
in the following chapter. Isotope effects become visible when compared with hydrogenated 
phosphoric acid. In the following chapter, these effects will be discussed from a classical and 
quantum mechanical view.  
 
Dielectric Data of Deuterated Phosphoric Acid 
An example of raw dielectric spectra of hydrated phosphoric acid of concentration R=1.5 
at temperatures ranging from −60℃ to −30℃ are shown in Figure 4.1. Here the real part of 
dielectric permittivity 𝜀′, the imaginary dielectric modulus 𝑀", and the real part of electric 
conductivity 𝜎′ are plotted versus frequency in a), b), and c), respectively. Ionic conductivity 
appears as a process in 𝜀′, as a peak in 𝑀", as well as the onset of frequency dependence of 𝜎′. 
The conductivity relaxation time 𝜏! was derived from the 𝑀" spectra as opposed to 𝜀′, due to its 
immunity to electrode polarization, as explained in the previous chapter. For the concentration 
R=1.5, the peak frequency of ionic conductivity moves from roughly 0.5Hz to 3000Hz with 
increase in a temperature of 30℃. To avoid crystallization the sample was quenched below 𝑇! 
and measured upon heating. Data collected while heating and cooling of the sample were 
consistent, indicating reproducibility of the experimental data. One important characteristic of 
the glass transition temperature is the change of temperature dependence of the dielectric 
properties. The temperature dependence of the sample becomes much weaker below the glass 
transition due to freezing in a non-equilibrium state. 
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Figure 4.1: Dielectric permittivity 𝜀′, imaginary dielectric modulus 𝑀", and the real part of 
electric conductivity 𝜎′ of 𝑃!𝑂! 1: 1.5 𝐷!𝑂 are plotted versus frequency in the top, center and 
bottom part respectively. The depicted temperatures range from −60℃ to −30℃ in increments 
of 5℃.  
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To analyze the temperature dependence of ionic conductivity in more detail, the 
conductivity relaxation time 𝜏! of 𝑀" and the DC conductivity plateau 𝜎! of a broad range of 
acid concentrations can be represented in Arrhenius plots. These representations can highlight a 
clear change in the temperature dependence of both, 𝜏! and 𝜎!, at the glass transition. In the 
glass phase region below 𝑇!, structural dynamics of the phosphorus-pentoxide deuterium mixture 
is essentially arrested, limiting ionic conduction to intermolecular hopping motions. This 
retardation of intermolecular structural diffusion is the cause of the alteration in temperature 
dependence of ionic conductivity. The remainder of this chapter is devoted to the discussion of 
such phenomena.  
 
Glass Transition in Dielectric Spectroscopy 
In this case, glass transition is determined from the temperature dependence of 𝜏!, where 
the glass transition of all ratios is measurable, while only a limited experimental window is 
available in 𝜎!. Conductivity relaxation time decreases with temperature as seen in Figure 4.2. 
Here 𝜏! of deuterated phosphoric acid with ratios R=1.5, 2, 2.5, 3, 4, 5 are displayed in Figure 
4.2 a), while the deuterated acids are compared to their hydrogenated counterparts in Figure 4.2 
b). Above 𝑇! the Super-Arrhenius behavior of 𝜏! can be described using the Vogel-Fulcher-
Tammann (VFT) equation eq. 2.2. Below the glass transition temperature, conductivity behaves 
as an activated process and follows the Arrhenius equation. The intersection point of these two 
different regimes marks the midpoint of the glass transition, which is the initial focus of this 
chapter. Characteristics of the fitting functions as well as concentration dependence of 𝜏! will be 
discussed in further detail in the second part of the chapter.  
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Figure 4.2 Conductivity relaxation time 𝜏! of deuterated phosphoric acid at different 
concentrations, a), and the comparison to the hydrated counter parts, b), shown in Arrhenius 
plots. The shown molar ratios correspond to R=1.5 (magenta star), R=2.0 (orange triangle), 
R=2.5 (green hexagon), R=3.0 (blue diamond), R=4 (red circle) and R=5 (black square) for the 
deuterated (closed) and hydrated (open) symbols respectively.  
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The glass transition temperature of concentrated phosphoric acids R=1.5 and R=2 is 
230.7K and 229.5K for the deuterated, and 227.4 and 222.4K for the hydrogenated samples, 
respectively. With further dilution 𝑇! decreases for samples of concentration R=3 (𝐷!𝑃𝑂! or 𝐻!𝑃𝑂!) to R=5 with 189.7K and 176.9K for deuterated and 185.3K and 172.1K for 
hydrogenated samples. For this measurement, concentration dependence of the glass transition 
temperature is expected due to the large difference in 𝑇! of the individual components, 𝐷!𝑂, 𝐻!𝑂 and 𝑃!𝑂! being 140K, 136K, and 590K respectively [27]. Hence, concentrated phosphoric 
acids are expected to display a higher glass transition temperature compared to the diluted 
regime. The mixtures used in the experiments approach the 𝑇!’s of the individual components at 
the diluted and concentrated regions. Measurements of low temperature dynamic properties of 
diluted systems using dielectric spectroscopy are challenging, since the ionic conductivity 
processes shift to lower frequencies, and moves outside of the measurable window. The glass 
transition temperature of PA was therefore further investigated using DSC to allow for a broader 
range in temperature and concentration.  
 
Differential Scanning Calorimetry 
In the DSC measurements, samples with ratios of R= 7, 9, 14 of 𝑃!𝑂! to both 
hydrogenated and deuterated water were measured, in addition to the R=1.5, 2, 2.5, 3, 4, 5 
samples used in dielectric spectroscopy. 𝑇! appears in the calorimetric temperature cycle on the 
cooling as well as the heating cycle. However only the heating cycle will be considered, in order 
to allow direct comparison to the Dielectric spectroscopy data.  
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Upon heating, the sample goes from the glassy into the liquid state, causing an initial 
spike in heat flow rate, followed by immediate enthalpic recovery to the liquid equilibrium state. 
Figure 4.3 shows the heating cycle of the raw DSC data, where the data were shifted vertically to 
clarify the behavior and highlight the change in the glass transition temperatures amongst the 
samples. The midpoint of the glass transition temperature was determined via peak position 
analysis of the derivative of the heat flow with temperature. The sample with the ratio R=3 
crystalizes upon heating which is seen in the Figure 4.3 as a strong exothermic process.  
 
 
Figure 4.3 The heat flow of different concentrations of deuterated phosphoric acids as measured 
on the heating cycle via Differential Scanning Calorimetry (Exo Up). Various concentrations are 
indicated on the plot. 𝑇! appears as an endothermic process. The sample with the ratio R=3 
corresponds to neat phosphoric acid (𝐷!𝑃𝑂!) which crystalized at around 273K.  
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𝑇! data for both deuterated and hydrated phosphoric acid were collected using DSC 
measurements and compared to literature values of Corti et al. [33] (black) and Aihara et al. [22]  
(green) in Figure 4.4. In this research, 𝑇! values ranged from 236.0K to 181.8K for deuterated 
and from 233.5K to 178K for the hydrogenated phosphoric acid samples with R=1.5, 3, 5, 
respectively. Glass transition temperatures of hydrated phosphoric acid coincide with those 
collected by the group of Angell in the concentrated region. The 𝑇! begins to diverge from 
Angell’s data in the diluted regime. Similar to the dielectric measurements, the glass transition 
temperature of the deuterated sample is higher than that of the hydrogenated sample, and the 
difference in 𝑇! increases with increasing water content. Aihara et al measured glass transition of 
a mixture of deuterated and hydrated phosphoric acid. As expected, the data falls in between that 
of pure hydrogenated and pure deuterated phosphoric acid.  
Glass transition temperatures converge to a value which, when extrapolated to the dilute 
limit, can be hint to the 𝑇! values of pure hydrogenated or deuterated water. It has been 
suggested by Angell et al. that the Gordon Tailor (GT) equation, eq. 2.8, can be used to fit such 
data. The Gordon Tailor equation did not produce a good description of the DSC data collected 
in our research. The GT equation proved insensitive to fitting parameters and could not fit 
diluted data accurately. Extrapolation to pure components leads to values in access of 145K and 
155K for hydrated and deuterated water, respectively. These values are near 10K too high 
compared to the commonly accepted 𝑇! values.  
A higher glass transition temperature for the sample with concentration R=2 is observed. 
This is also apparent in the conductivity spectra as well as viscosity and NMR measurements 
[34] and can be accounted for by a change in bond structure, which is formed by P2O5 (1:2) 
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H2O. This phenomenon will be further discussed in the later section on conductivity relaxation 
time of these samples.  
 
     
Figure 4.4 Glass transition temperatures of deuterated (red) and hydrogenated (blue) 
phosphoric acid are compared to data from literature Aihara et al. [22] (green) and Corti et al. 
[33] (black). 𝑇! is plotted versus 𝑤! which is the weight fraction of 𝑃!𝑂! of the sample for easy 
extrapolation from zero to one. The lines indicate the Gordon Taylor fit for each data set 
corresponding to the color.  
 
 
Brillouin Light Scattering 
Measurements of the Glass transition temperature were further verified through Brillouin 
scattering measurements for selected ratio’s R=1.5, 5. The Brillouin peak in light scattering 
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spectra corresponds to a Doppler shift in frequency, caused by propagating acoustic vibrations 
within the sample. The Brillouin peak freaquency as a function of temperature is presented in 
Figure 4.5 for both hydrogenated and deuterated samples. The deuterated samples exhibit a 
lower Brillouin frequency compared to their hydrogenated counterparts, as expected for the 
higher oscillating mass. 
Furthermore, Figure 4.5 demonstrates a clear change in temperature dependence of the 
Brillouin frequency at the glass transition. Near linear temperature dependence is observed above 
and below the transition. The change in temperature dependence of the Brillouin frequency is 
caused by the changing velocity of sound propagation in the sample. The change in rigidity of 
the material lessens, when the sample is vitrified.  
 
  
Figure 4.5 Average Brillouin frequency of deuterated (closed) and hydrogenated (open) 
phosphoric acid at R=1.5 (blue) and R=5 (green) plotted against temperature. The inset shows 
the derivative of frequency with temperature across the glass transition. 
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A more detailed description of the relationship between rigidity of the sample and change in 
frequency by inelastic scattering off of longitudinal wave motion is provided in the Brillouin 
light scattering section of chapter 3. The mid point temperature of the transition was determined 
by derivative analysis and smoothing of the data as demonstrated in the inset in Figure 4.5. 
Horizontal lines indicate linear temperature dependence above and below 𝑇!, while the midpoint 
temperature was taken to be at the center of the transition. As in the DSC and Dielectric 
measurements the deuterated samples show a higher glass transition temperature. Due to 
excessive data manipulation, the error-bars of determining glass transition using this technique 
was within a few degrees, though a clear trend can be observed through internal consistency of 
the measurement itself. 
 
Glass Transition - Discussion 
To identify the isotope effect on the glass transition temperatures of phosphoric acid at 
different concentrations, a variety of experimental methods were utilized in this research. The 
comparison of the glass transition data of the three methods used (Figure 4.6) yields slight 
differences between experimental methods. Though all methods are internally consistent 
concerning the difference in glass transition temperature ∆𝑇!, some variance exists between the 
results of the different experimental techniques. Brillouin and Dielectric measurements yield 
lower glass transition temperatures than DSC. This difference in temperature can be explained by 
vast difference in heating and cooling rate during the measurements. Brillouin light scattering 
and dielectric measurements were conducted in temperature steps of 2.5k surrounding the glass 
transition, taking tens of minutes per temperature. DSC measurements were conducted with rates 
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of 5K/min. Due to the fact that the glass transition is a broad transition, the fast heating rate of 
DSC led to higher indicated 𝑇! than the slow heating and cooling rate of the other two methods, 
resulting in the difference visible in Figure 4.6. Nevertheless, this research aimed to identify the 
isotope affects in the glass transition temperatures of 𝐷!𝑂 − 𝐻!𝑂 of different acid 
concentrations. 
 
      
Figure 4.6 Comparison of glass transition temperatures obtained using DSC (black squares), 
dielectric spectroscopy (red circles) and Brillouin light scattering (green triangles). Deuterated 
and hydrogenated samples are represented by closed and open symbols, respectively. The insert 
shows the difference in the glass transition temperatures ∆𝑇! between deuterated and 
hydrogenated samples with half filled symbols of the same color scheme. 
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The differences between outcomes of the previously described methods used are of insignificant 
importance for this research. As displayed in Figure 4.6, the measurements show that the 𝑇! of 𝐷!𝑂 – containing samples is always greater than that of 𝐻!𝑂 - containing ones, and the 
difference increases with R. This difference in the glass transition temperature increases with 
water content. The results indicate that the difference in 𝑇! between the heavier isotope 𝐷!𝑂 and 
the lighter isotope 𝐻!𝑂 is at least 6K. Variations in the data and accuracy of the Tg estimates 
complicate the determination of an exact extrapolation of ∆𝑇! between the two pure isotopes of 
water, but the data suggests that it is in the region of 6-8K. This value is higher compared to 
values suggested by extrapolating 𝑇! of other proton conducting materials like 𝐿𝑖𝐶𝑙 and 𝑍𝑛𝐶𝑙![27]. Consequently the results of this paper indicate that the isotope effect on glass 
transition is stronger than described by previous research. Our estimates for the isotope shift of 
Tg in water is consistent with ΔTg~10K revealed recently in studies performed in our gorup [26]. 
 
Proton Conduction and Conductivity Relaxation Time 
Now that we have discussed the isotope effect in the glass transition, the question 
remains how the isotope effect impacts the proton conductivity. In order to study the isotope 
effect on proton conduction, let’s go back to Figure 4.2, which presents the conductivity 
relaxation time of deuterated phosphoric acid. As previously demonstrated [34], the temperature 
dependence of dielectric data severely changes at the glass transition. 𝜏! and 𝜎! both exhibit a 
crossover from Super-Arrhenius to Arrhenius temperature dependence. Since ionic transport is 
no longer supported by structural relaxation and molecular diffusion (both are frozen below Tg), 
ionic motion most probably takes place through “Grotthuss type” hopping of protons. In this 
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case, the isotope effect should play a strong role in conductivity due to the mass difference of the 
proton and deuterium. The known change in mass difference in combination with the measurable 
change in conductive behavior can lead to a better understanding of the method of proton 
motion, which is discussed in the following section.    
In order to determine dynamics below the glass transition, it is important to analyze the 
characteristics of ion conduction at 𝑇!. Figure 4.7 shows the previously mentioned 𝜏! data for 
deuterated phosphoric acid vs inverse temperature normalized by 𝑇!. This representation 
emphasizes the difference in conductivity relaxation times at the glass transition between the 
samples. 
 
Figure 4.7Log10 of conductivity relaxation time 𝜏! of deuterated phosphoric acid at different 
water concentrations vs inverse temperature normalized to their Tg.  
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It is important to notice that 𝜏! at 𝑇! spans a range of over two orders of magnitude and 
does not increase monotonously with water concentration. Furthermore the hydrogenated 
phosphoric acid samples, show similar behavior shifted to faster time scales. To clarify, the 
conductivity relaxation times at the glass transition of each ratio are presented in Figure 4.8. The 
ratio of R=5 is excluded from the analysis in this section due to an inadequate amount of data 
points below the glass transition in the experimental window. 
 The conducted measurements show that the hopping time of ion conduction at 𝑇! 
increases with dilution from 9.88×10!!𝑠 at R=2 to 9.02×10!!𝑠 at R=4, and 3.16×10!!𝑠 at 
R=2 to 1.26×10!!𝑠 at R=4 for the deuterated and hydrogenated phosphoric acid samples, 
respectively.  At the R=1.5 ratios however the observed ion motion slows to 1.87×10!!𝑠 and 6.31×10!!𝑠 for deuterated and hydrogenated samples respectively. In this representation low 
values of 𝜏! resemble fast ion jumps, which are desired in good proton conductors. The collected 
data suggests that ions transfer at a faster rate in more concentrated acids, reaching optimum at 
R=2, while increasing amount of water slows the process at Tg by near two orders of magnitude. 
The structures of phosphoric acid display strong concentration dependence. The time scale of ion 
hopping reaches a minimum when twice as many water molecules are present compared to 
phosphorus pentoxide. This suggests that the ratio of R=2 is favorable for the fast ion transport.  
In order to analyze the impact of the isotope effect on ionic motion, the ratios of 𝜏!(𝐷) to 𝜏!(𝐻) at their Tg’s were compared versus molar ratio in the insert in Figure 4.8. In this 
representation the data show a clear increasing trend with concentration ranging from a factor of 
3 for R=1.5 to larger than 7 for R=4.  
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Figure 4.8 Log10 of conductivity relaxation time at the glass transition of deuterated (blue 
square) and hydrogenated phosphoric acid (red square). The insert shows the ratio of the above 𝜏!(𝐷)/𝜏!(𝐻) at their Tg’s vs concentrationR. The expected value of √2 is indicated by a red 
dashed line. 
 
In a purely classical model the ratio of time scale of ion transport should be constant, and 
equivalent to √MD/MH = 2 across all ratios, as per eq. 2.4, and various other models [43, 44]. 
The classical prediction is indicated on the plot by a red dotted line. Our measurements (Figure 
4.8) show that even the minimum value of the ratio of relaxation times at R=1.5 is near twice of 
the expected value of the classical prediction, and the isotope effect only increases with molar 
amount of water in the sample. This is yet another indication [18-22] that the classical theory is 
not valid for ion transport, and further modification of the classical theory needs to be taken into 
consideration.  
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Molecular dynamics are frozen in the glassy state, causing ion transport to become an 
activated process below 𝑇!. A certain activation energy 𝐸! is now required in order to initiate 
ionic motion, which can be determined from the Arrhenius fit of 𝜏! in Figure 4.2. Figure 4.9 
shows the activation energies of deuterated (red) and hydrogenated (blue) phosphoric acids as 
determined from the Arrhenius fit at T<Tg. The activation energies within the measured set of 
ratios shows a distinct U-shape with a minimum centered on R=2.5. The activation energies 
decline from 62.2 !"!"# and 58.7 !"!"# at R=1.5 to 55.6 !"!"# and 51.4 !"!"# for R=2.5 for the 
deuterated and hydrogenated samples, respectively. 
 
   
Figure 4.9 Activation Energies of ion conductivity in deuterated (red) and hydrogenated (blue) 
Phosphoric acid extracted from the Arrhenius fit of 𝜏! at T<Tg. A minimum in Ea is observed in 
both cases at R=2.5. The insert shows the ratio of the activation energies for deuterated and 
hydrogenated samples. 
 51 
Past the minimum, the activation energy increases to 67.0 !"!"# and 59.5 !"!"# at R=4.0. 
Therefore the energy barrier for a proton jump is less for the sample with R=2.5 than for highly 
dilute or highly concentrated regions. This is in approximate agreement with earlier findings of 𝜏! and indicates favorable structures of ion conductivity at certain concentrations of phosphoric 
acid. Another important finding is that the activation energy of the deuterated samples is always 
higher than their hydrogenated analogs. To further analyze this phenomenon the ratio of 
activation energies of deuterated to hydrogenated phosphoric acid is shown in the insert of 
Figure 4.9. Across the sample range the ratio of the activation energies increases linearly by 6% 
from 1.06 to 1.13.  
 
DC. Conductivity  
In order to analyze the dynamics of ion motion above the glass transition it is best to 
focus on DC conductivity, due to a broader data range at higher temperatures. The temperature 
dependence of DC conductivity 𝜎!, in different samples of deuterated phosphoric acid was 
obtained by tracking the DC plateau of the real part of conductivity with temperature (Figure 
4.10).  Conductivity increases with temperature as well as with increasing water content in the 
sample. The conductivity of deuterated phosphoric acid is always lower than that of the 
hydrogenated counterpart. At 50℃, which is equivalent to 3.09   !"""!  on the graph, 𝜎! ranges 
from 2.13×10!! !!" and 3.65×10!! !!" at R=1.5 to 9.25×10!! !!" and 1.71×10!! !!" for R=5 
for deuterated and hydrogenated samples, respectively. Hence the conductivity in the high 
temperature region is roughly 50% higher in the hydrated samples than in the deuterated ones.   
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Figure 4.10 Log10 of DC conductivity 𝜎! of deuterated phosphoric acid at different 
concentrations a) and the comparison to the hydrated counter parts b) shown in Arrhenius plots. 
The shown molar ratios correspond to R=1.5 (magenta star), R=2.0 (orange triangle), R=2.5 
(green hexagon), R=3.0 (blue diamond), R=4 (red circle) and R=5 (black square) for the 
deuterated (closed) and hydrogenated (open) samples, respectively.  
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The difference in 𝜎! between isotopes strongly increases with decreasing temperature when 
approaching the glass transition temperature. Close to 𝑇! the difference extends to nearly one 
order of magnitude for R=1.5 and more than two orders of magnitude for R=5.  
This difference in conductivity between isotopes is even more visible in Figure 4.11, 
where the ratio of DC conductivity in hydrogenated and deuterated samples is presented. The red 
dotted line indicates the expected in a simplistic classical model value of 2. The ratio of 
conductivities approaches this limit at higher temperatures, but clearly diverges by orders of 
magnitude at lower temperatures.  
 
 
Figure 4.11 Ratio of 𝜎! in hydrogenated phosphoric acid to 𝜎! in deuterated phosphoric acid vs. 
1000/T. The red dotted line indicates a value of √2. The molar ratios correspond to R=1.5 
(magenta star), R=2.0 (orange triangle), R=2.5 (green hexagon), R=3.0 (blue diamond), R=4 
(red circle) and R=5 (black square). 
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This divergence is caused in part by the shift in Tg between hydrogenated and deuterated 
samples, as was discussed in previous section. The temperature dependence of σ! strongly 
increases approaching the glass transition. Slight differences in Tg therefore cause a significant 
difference in conductivity data of the deuterated and hydrogenated samples around 𝑇!. At high 
temperatures, however, the ratio 𝜎!(𝐻) 𝜎!(𝐷) converges to values between one and two for 
R=1.5, 2.5, 5. High temperature data for sample ratios R=2, 3, 4 were not available for hydrated 
phosphoric acid samples and are omitted in this analysis. 
In order to exclude effects of the glass transition on further data analysis and focus on the 
high temperature regime, the conductivity data is fit using Vogel-Fulcher-Tammann (VFT), eq. 
2.2, and Cohen Grest (CG) eq. 2.3 functions. Both fitting functions were discussed in detail in 
the chapter 3. Figure 4.12 depicts conductivity data of deuterated phosphoric acids of ratio 
R=1.5, 2.5, 5, fitted to the VFT (red) and CG (green) functions above 𝑇!. While the VFT 
function fits the data relatively well and is the common method of analyzing these data [34, 45], 
the CG function provides a more accurate fit at higher temperatures due to an additional fitting 
parameter (VFT has 3 free fit parameters, while CG has 4). This allows for a more accurate 
extrapolation of conductivity to infinite temperature 𝜎!!! with the CG function.  
Since conductivity increases with temperature, 𝜎!!! resembles the maximum possible 
conductivity of a material. The ratio of this extrapolated 𝜎!!! of hydrogenated to deuterated 
phosphoric acid is depicted in the insert in Figure 4.12. Here the ratios of fitting parameters of 
VFT and Cohen Grest functions are presented by the red and blue squares, respectively. In 
addition, the values of the highest temperature data points are compared as well. Although the 
data is fairly scattered, they are all around value ~1.5 for all the samples. This is close to the 
expectations of a classical isotope effect. 
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Figure 4.12 shows 𝜎! of deuterated phosphoric acid at Ratios R=1.5, 2.5, 5.0 (indicated on plot). 
The VFT (red) and Cohen Grest (green) fitting functions are extrapolated to 𝜎(𝑇 = ∞). The 
insert shows the ratio of the 𝜎(𝑇 = ∞) in hydrogenated to 𝜎(𝑇 = ∞) in deuterated phosphoric 
acids obtained from the VFT fit (red squares) and Cohen Grest fit (black squares). The blue 
squares denote the same ratio taken from the experimental data at 50℃. 
 
Discussion of Ionic Conductivity   
The isotope effect has been previously shown to have strong impact on conductivity 
behavior of proton conducting materials [46, 47]. Phosphoric acid has been suggested to be a 
model system of study due to its excellent glass forming and proton conducting properties. 
Though well studied at high temperatures, the isotope effect on proton conductivity in the low 
temperature region has not been extensively studied  
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In the high temperature regime the isotope effect is not as pronounced as it is close to 𝑇! 
(Figure 4.11). DC conductivity of the phosphoric acid samples prepared with H2O was between 1 
to 2 times higher than that of the samples prepared with D2O. Though scattered, the data 
corresponds well to that of the classically predicted ratio of !!(!)!!(!) = 2. These findings are also 
in agreement with values found in the literature [20, 22, 39]. At high temperatures, molecular 
motion is not restrained, as it is in the glassy state, and ions can diffuse freely. With decreasing 
temperature the change in physical properties of the sample have a stronger impact on ion 
dynamics in the deuterated samples. The decrease in DC conductivity and an increase in 
conductivity relaxation time are more pronounced in deuterated than in hydrogenated phosphoric 
acid.  
Experimental results on conductivity relaxation time and activation energy indicate that 
ionic motion does not scale with the square root of the ratio of mass at temperatures close to and 
below the glass transition. Conductivity relaxation times at the glass transition display a very 
prominent isotope effect. Deuterated phosphoric acid samples relax a minimum of 3 times slower 
compared to their hydrogenated counterparts for concentrated samples. The isotope effect 
increases to over 7 times within the measured concentration range. The difference in glass 
transition temperatures of the deuterated and hydrogenated samples has to be taken into account 
during this evaluation. Due to strong temperature dependence of 𝜏! directly above the glass 
transition, small changes in 𝑇! can cause vast differences in relaxation times. The ratio of 
relaxation times at a fixed temperature may, therefore, not be a fair direct comparison due to the ∆𝑇! between isotopes discussed in an earlier section. Comparison of 𝜏! at Tg is better in that 
case, because it provides comparison of 𝜏! at the same structural relaxation time. 𝜏! of the 
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deuterated sample is always higher across the entire measured range, regardless of change in 
glass transition temperature.  
Below the glass transition temperature, ions can only move via the Grotthuss type 
hopping mechanism [20]. The classical model of proton transport eq. 2.5 is insufficient in 
describing the isotope effect in this region. A comparison of the activation energies of ionic 
conduction below 𝑇! of deuterated and hydrated phosphoric acid also shows a significant Isotope 
effect. The activation energies of deuterium are 6-7 !"!"# higher than for proton conduction in 
phosphoric acids. Additionally the isotope effect increases with increasing water content, with 
the ratio of activation energies increasing from 1.06 for R=1.5 to 1.13 for R=4.  
Semi-classical theories predict that the ion, which is attempting to overcome a certain 
potential energy barrier, is aided by quantum mechanical ground state energy [21, 46]. The 
amount of energy that the particle needs to gain in order overcome the potential barrier is 
reduced by the amount of the ground state energy. This energy originates from zero point 
vibrations of the proton/ion. Since lighter particles vibrate faster they possess a greater zero point 
energy than heavier ones, causing the necessary activation energy to decrease in contrast. The 
result of such a semi-classical effect would further increase isotopic effects in proton conduction. 
The difference in ionic conductivity between isotopes has also been analyzed theoretically using 
quantum-tunneling effects.  This theory builds on the semi-classical theory and adds a small 
probability of tunneling under the potential energy barrier. The lighter ion has much greater 
probability of tunneling, further explaining the isotope effects below the glass transition. 
Furthermore the increase of the isotope effect in activation energy with decreasing temperature 
could be explained due to the increased probability of quantum effects at lower temperatures. 
However no convincing evidence for quantum effects exists in our data.  
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The general trend in these data is that the isotope effect increases with decreasing acid 
concentration and decreasing temperature. A greater number of 𝐻!𝑂 or 𝐷!𝑂 to phosphorus 
pentoxide molecules creates a larger difference in properties of the sample. By this logic the 
highest isotope effect can be achieved in the dilute limit of the phosphoric acid where normal 
water and heavy water dominate the composition of the sample. The dilution of the phosphoric 
acid drives the interesting properties to lower temperatures, and one could argue that it is not the 
increasing molar amount of 𝐻!𝑂 and 𝐷!𝑂, but rather the decreasing temperatures that drive the 
increasing isotope effect. Indeed, all quantum effects are expected to be stronger at lower 
temperatures where normal over-barrier relaxations are strongly suppressed. It is difficult to 
determine the exact cause of the increase in isotope effect in this case, due to the interconnected 
nature of decreasing temperature effects with increasing dilution of the sample.  
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CHAPTER 5:    
CONCLUDING REMARKS 
 
 
The goal of this study was to investigate the isotope effect on glass transition and proton 
conduction in phosphoric acid. Phosphoric acid has a wide range of applications ranging from 
biology to industry. Some favorable characteristics include excellent glass forming capability 
upon vitrification, as well as the highest intrinsic proton conduction amongst common acids. It 
has been shown that the Grotthuss mechanism is responsible for fast proton conductivity, which 
leads to the question whether the process follows a purely classical nature, or if quantum effects 
become apparent.  The isotope effect allows for a variation of mass of the conducting ion while 
charge remains constant. The mass dependence of charge transport characteristics can then shed 
light onto the classical or quantum nature of the processes.  
It was shown using broadband dielectric spectroscopy, differential scanning calorimetry 
and Brillouin light scattering, that the isotope effect causes an increase in the glass transition 
temperature and that the difference in 𝑇! between the deuterated and hydrogenated acids 
increases with molar concentration of 𝐻!𝑂 and 𝐷!𝑂.  
The isotope effect also causes a decrease in conductivity in the sample containing the 
heavier isotope and an increase in proton transition time at the glass transition temperature.  The 
ratio of 𝜏! of the two isotopes not only far exceeds the classically predicted dependence of !!(!)!!(!) ∝ 2, but also further increases with the dilution of the acid. The isotope effect on 
activation energy of ionic conduction also increase with dilution, which is not predicted by 
classical theory. These inconsistencies with classical theory could suggest possible influence of 
quantum effects, but no definite conclusions can be made from these data.  
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Studies of viscosity measurements for Walden plot analysis which give rise to the degree 
of decoupling of ionic transport from structural dynamics will be very helpful in future studies. 
In addition, it would be of interest to measure molecular motion using dynamic light scattering. 
These measurements can provide further information about molecular dynamics and change of 
physical properties, which influence proton conduction.  
Phosphoric acids are widely used in proton conducting polymer electrolytes and 
membranes, where decoupling of proton conduction from structural relaxation is a desired 
attribute. Further understanding of the decoupling phenomena in phosphoric acids and other 
proton conducting materials can aid the design of novel materials for industry and energy 
application.  
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